Abstract: There are two challenges in using polymers for conformance control applications in the petroleum industry. The first difficulty is to maintain a good injectivity to overcome the large pressure drop caused by the high viscosity of the polymers. Secondly, large polymer volumes required to be injected to compensate for polymer retention in a reservoir. The main objective of this work is to study the viability of using a pH-sensitive polyelectrolyte to alleviate the above two challenges. The results showed that the pH of the swelling medium has great effect on the swelling behavior of poly(acrylic acid) hydrogels. At low pH regime, the viscosity increases gradually as pH increases until certain pH value, 'critical pH' is reached. In the second regime and once critical pH value is exceeded, the viscosity increases sharply with the pH. This is followed by independency of the viscosity on pH, in the third regime. It was found that this sensitivity to the pH varies with the change in crosslink density and shear rates. At pH=4 (before the gellation), the sample (Carbopol 981) which has the lowest crosslink density exhibits the highest viscosity among the three samples. After the gellation (PH=8), the rheological behavior is reversed for the highest crosslinked density polymer (EZ-4) and the lowest crosslinked density polymer (981) which contradicts with the well known swelling ratio-crosslink density relation. It is concluded that the examined polymers are good candidates for mobility control applications. They can also be used for temporary zonal isolation since they can be easily broken down with mild acid wash and flowback.
Introduction
To control water production, or in general to improve reservoir sweep efficiency, polymer gel has been extensively employed as a conformance control agent. [1, 2] The most common gel placement method is the injection of polymer and crosslinking agent to the desired zone and to let them react to form gel in-situ. Because it is difficult to control the transport and reaction of the chemicals in the generally heterogeneous reservoir, the success of the field applications of in-situ gellation has been mixed. [1] Surface-prepared gels do not have the above reaction control problem, but are difficult to place deep in the reservoir, because they cause very high pressure drop near the injection well and also tend to show mechanical trapping and filtration. Much of the surface-prepared gel applications have, therefore, been near wellbore treatments for vertical conformance control.
Research on injection of surface-prepared soft microgels to improve conformance has also been carried out. [3, 4] Recently, the use of performed soft microgels as an effective method for in-depth permeability control and/or relative permeability modification for water production control has been proposed by some researchers. [5, 6] Because of their softness and flexibility, the microgels could be transported in reservoir rock without mechanical trapping if permeability is sufficiently high. Adhesion of microgel globules on pore wall provides the desired permeability (and relative permeability) modification. Field tests have demonstrated that longdistance propagation of microgels is feasible. Unswelled microgel globules of submicron size are injected into a reservoir which, upon contact with the high temperature resident fluids, swell with water to provide in-depth water flood conformance control.
The above brief review of microgel applications suggests that injection of soft microgels and their in-depth propagation are feasible. Instead of the temperaturetriggered globule-size increase by swelling, we propose to utilize pH change as the trigger by using poly(acrylic acid), PAA, which has a number of advantages. For example, for the problem of improving injectivity, poly(acrylic acid) solution exhibits a low viscosity at low pH, but at pH values higher than a critical value, the viscosity increases drastically and maintains more or less a plateau value with further increase in pH.
By injecting a polyelectrolyte at low pH, a low viscosity and good injectivity can be achieved. Once deep in the reservoir, the pH of water can increase due to reaction of injected acid with the carbonate and other minerals in the reservoir rock (and to a certain extent, due to mixing between injected water and the bypassed resident water). For the other critical problem of chemical loss, it has been proved that adsorption of PAA on rock is small compared to the conventional polymers used for Improved Oil Recovery (IOR). Also, due to its large manufacturing scale, unit cost of PAA is small, again compared to the other IOR polymers.
Many attempts have been made to investigate the swelling behavior of ionizable gels (such as the microgels we are investigating in this study). Katchalsky and Eisenberg (1951) [7] did much of the initial work on charged systems by examining the behavior of polyelectrolyte solutions and polyelectrolyte gels. They have expanded the gel equation of state by considering the system pressure and its variation with the degree of polymer ionization and swelling. Tanaka et al. (1991) [8] reported the behavior of natural and partially hydrolyzed polyacrylamide gels and their swelling in water-acetone mixtures. In such work, the Flory-Huggins formula was used for the osmotic pressure of anionic gels whereas Ricka and Tanaka (1984) [9] used the Donnan theory of swelling of weakly charged ionic gels. Using their theory, the swelling of a poly(acrylamide-co-acrylic acid) copolymer can be predicted as a function of the swelling agent ionic composition. This theory, however, is limited to extremely dilute (swollen) conditions only and neglects all polymer-solvent interactions and network parameters. It shows an increase in swelling with the pH. These results were not previously reported by this group and are not consistent with their own previous data which showed a sharp increase in swelling over a narrow pH range and then a constant volume for still higher pH values.
In our approach of injecting pH-sensitive microgels of prescribed swelling state, their further swelling deep in the reservoir is controlled by geochemical reactions with the mineral components in the rock. In this paper, we aim to carefully define the mechanisms of pH-sensitive polyelectrolyte microgels swelling and the effect of shear rate and crosslink density on the significance of their swelling.
Results
Well-characterized experiments have been carried out to measure PAA microgel rheological properties. Results of these measurements have enabled a direct insight into the possibility of using this polymer for conformance control applications. Particularly, effects of variables such as shear rate, pH and crosslinker density on the polymer rheological behavior have been studied intensively. All of the measurements were performed at room temperature of 20 o C. This section is geared towards presenting outcomes of these measurements.
Effect of pH and shear rate
The apparent viscosities of 3wt% Carbopol polymers (EZ-4, EZ-3, 981, 934, 676) prepared in brine of 5wt% NaCl concentration at different pH and shear rate values are presented in Figures 1-5 . As shown in these figures by increasing the shear rate the viscosity decreases which means that Carbopol polymers show shear thinning characteristics. The figures also reveal that the minimum viscosity value is occurring at pH = 3.0 approximately. In the pH range of 4.0 to 6.0, the viscosity increases sharply and for pH values higher than 6.0, it almost remains constant. For example, at the lowest examined shear rate (5 rpm) EZ-4 attains a maximum viscosity of 6600cp at pH of 13.8 and a minimum viscosity of 10cp at pH of 2.3 ( Figure 1) . Thus, the apparent viscosity of this polymer is very sensitive to the pH. The effect of adding HCl to the gelled polymer was also investigated. The results showed that decreasing the pH by adding HCl causes apparent polymer viscosity to decrease to as low as the original value (10cp or lesser) at a pH value of less than 3.0. As such, the viscosity of the Carbopol polymers can be broken by an acid wash only (without the need for any chemical breakers) which means that they can be used for temporary zonal isolation. 
Effect of Crosslink Density
Five different Carbopol polymers with different crosslink density have been studied. The results are shown in Figures 1-5 . Crosslink density controls the swelling ratio which affects the apparent viscosity. Hence, it is an important factor affecting the polymer solution rheology.
Most probably, swelling ratio of low crosslink density polymer solution is high. Likewise, high crosslink density polymer solution will show a low swelling ratio. This means that polymer solution with low crosslink density would show high apparent viscosity and vice versa. However, comparing Figures 1 and 3 reveals that viscosity of Carbopol 981 (lowest crosslink density) is lower than that of Carbopol EZ-4 (highest crosslink density) at high pH. For instance, at the lowest examined shear rate (5 rpm), the maximum viscosity provided by Carbopol 981 is 1500cp whereas Carbopol EZ-4 attains a viscosity as high as 6600cp. The same trend in viscosity values is also observed in the low pH region, but in a lesser extent.
Discussions
Hydrogels are hydrophilic polymer networks that have a large capacity for adsorbing water, and characterized by the presence of crosslinkages, crystalline and amorphous regions, entanglements, and rearrangements of the hydrophobic and hydrophilic domains. [6, 10] Hydrogels can reversibly change their volume and shape in response to external stimuli, such as changes in pH, solvent composition, ionic strength, temperature, and electric field as reported by different authors. [11] [12] [13] [14] [15] [16] [17] [18] [19] These phenomena can directly transform chemical free energy into mechanical energy from changes in the external environment. This type of behavior is sometimes referred to as a "chemomechanical system". Such systems incorporate electroactive polymers that are able to generate mechanical energy from contraction and expansion from the chemical free energy of the constituent polymer under electrical stimulation.
The polymer cross-linking forms insoluble particles that swell when contacted with water to form gels, commonly called microgels. After mixing fine powder polymers with water the molecules size of polymers will change because of swelling and deswelling which form network-like structure thus microscopic water-filled microgels.
The formation of network-like structure is due to the chemical cross-linking of the polymer chains using cross-linker. However, some polymer-chains cross link without cross-linker, in particular, PAA gel that may form gel networks by itself with no addition of a chemical cross-linker.
The swelling and de-swilling is strongly related to pH. Accordingly, the size of the microgel will change which reflects in the change of the viscosity. Hence, viscosity is a measure of the size of a polymer molecule in solution. The change in viscosity, thus, is related to the equilibrium swelling ratio.
The equilibrium swelling volume of individual gel micro-globules relates to the intrinsic viscosity of the polymer solution, |η|. Hence, |η| is related to the zero-shearlimit, ηo, for any polymer concentration by Martin equation. [20] The equilibrium swelling of hydrogels in terms of the degree of cross-linking, pH, and salinity was characterized by a number of models. [9, 21, 22] Among the above, Brannon-Peppas and Peppas appear to describe the dependence of the equilibrium swelling on pH and salinity better than others.
In this work, it is found that the effect of crosslinker on the viscosity, as shown in Figures 1-5 , varies from polymer to another based on the crosslinker density. EZ-4 shows the highest followed by EZ-3 then 968, although, these samples measured at the same pH range, shear rate and with same polymer concentration (3 wt%). This is attributed to the difference in the cross-linker density from polymer to another. The effect of crosslinker content on the viscosity is related to the equilibrium swelling ratios which depend mainly on the type of cross-linker and cross-linker density because of the presence of physical entanglements caused by hydrogen bonds which provide elastic restrain forces to the system.
As explained earlier, the pH has significant effect on the swelling behavior of PAA hydrogels as shown in Figs 1-5. These figures display three different regions. At low pH regime, the viscosity increases gradually as pH increases. In the second regime, viscosity increases sharply with the pH whereas in the third regime it is independent on pH. The initial suspension (a homogeneous suspension of microgels formed when adding polymer powder into NaCl brine) generally showed a pH of 2.0 ~ 2.3 which was increased by adding 1.0M NaOH. The pH affects the ionization of carboxylic group, thus, the swelling volume which results in changing viscosity. PAA is considered as a pH-and electrically-sensitive material due to the ionic repulsion between its anionic carboxylic groups that become ionized in solutions with a pH which supports a pKa value of 4.6. [23, 24] At low pH regime (pH = 2-4.5), the carboxylic groups are protonated which means that there are few ionized groups in the network, and the polymer network would be in contract state. In other words, below the pKa of the PAA hydrogels the mesh sizes are small. [24] So, there is no swelling or rather the swelling ratio is low, which causes microgels to be solid-like. Therefore, the increase in viscosity is insignificant.
In the second regime (transition regime), the viscosity rises by many orders of magnitude as the pH increases. This sharp increase in viscosity is due to the sudden increase in swelling capacity resulting in large microgel size and higher density. This can be explained as follows: the increase of pH, up to pH above pKa, causes the ionizable groups to increase. Hence, the charges on these groups increase which will set up an electrostatic repulsion tending to expand the polymer chains network, thus, the swelling forces would be enhanced. This means that the carboxyl groups of hydrogels will tend to dissociate at a pH above pKa (4.60), and hence, the osmotic pressure inside the hydrogel increases causing the viscosity to increase sharply. 
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Interestingly, we found in this regime (transition regime) that the power law dependence of viscosity on the pH approaches exponent value (n) of around 11 ( 7 . 11 7 10 9 pH ). This exponent indicates that the rheological shear thinning behavior of this polymer and its high value may be attributed to the billion of Dalton in this cross-linked polymer. The value of this exponent varies from polymer to another within the same range of pH in the transition regime as shown in Figure 6 . The exponent value varies from 11 for the EZ-4 polymer to 5 for the 981 polymer. The variation proves the effect of cross linker density (the EZ-4 polymer has the highest cross linker density whereas the 981 polymer has the lowest cross linker density). The exponent increases by increasing the cross-linking density due to the increase in the microgell size, thus, swelling effect that levels off the shear thinning exponent. This exponent is found to decrease by increasing the shear rate as shown in Figure  6 . That is may be resulting from the deformation of swollen gels because highly swollen gel globules would be much more deformable than un-swollen gel globules when subjected to shear. Accordingly, de-swelling initiates leading to changing the size of gel which reflects in changing the shear thinning exponent.
In the third regime shown in Figures 1-5 , the viscosity becomes nearly independent on pH at different shear rates. This is because the high network density would restrain the expansion of network. The swelling ratio at higher pH depends upon the available free volume of the expanded polymer matrix, polymer chain relaxation and availability of ionizable functional groups such as -COOH for water to form hydrogen bonds. It was noticeable that at very high pH (pH= 12), the viscosity slightly decreases (see Figure 3 ). This is because carboxylic groups on the polymer network were ionized completely resulting in higher counter ions concentration inside the gel, which made the electrostatic repulsion to reduce with a consequent reduction in equilibrium swelling. Thus, the swelling ratio at pH = 12 was lower than that at pH = 7. A similar trend was observed by Kim and Peppas (2002) [25] who studied the effects of pH on mesh size with varying PAA content. Before the gellation (pH=4), Carbopol 981 which has the lowest crosslink density exhibits the highest viscosity among the three samples ( Figure 7 ). This is in agreement with what is reported in the literature that is the swelling ratio is inversely proportional to the crosslinking density.
After the gellation (PH=8), the rheological behavior is reversed for the highest crosslinked density polymer (EZ-4) and the lowest crosslinked density polymer (981) which contradicts with the well known swelling ratio-crosslink density relation mentioned above (see Figure 8 ). This may be attributed to the rigid molecular network structure of the EZ-4 (highest crosslink density). In other words, gels with low crosslink density (981) are more elastic with higher de-swelling rate compared to the rigid spheres of EZ-4. Additionally, may be, the relatively high dose of NaCl (5%) used in this study enhances such behavior.
Further investigation is needed to verify this new finding and its sensitivity to other measurable parameters such as salinity, polymer concentration and temperature.
Conclusions
The viscosity of pH-triggered Carbopol polymers (EZ-4, EZ-3, 981, 934 and 676) was investigated experimentally at different conditions of crosslinker density, pH and shear rates. All measurements were carried out using 3wt% Carbopol polymers prepared in brine of 5wt% NaCl concentration. The following summarize the conclusions:
The apparent viscosities of these polymers are very sensitive to the pH. The viscosity increases by 4 orders of magnitude when the pH increases from around 2.5 to 5.5. At lower value of pH (below 2.5) the viscosity of the polymer increases slightly as pH increases (no gelleation) while at higher pH (above 5.5), the viscosity is independent on pH (after gelleation). However, at pH = 12 or greater, the viscosity slightly decreases. This is because carboxylic groups on the polymer network were ionized completely resulting in higher counter ions concentration inside the gel, which made the electrostatic repulsion to reduce with a consequent reduction in equilibrium swelling. Thus, the swelling ratio at pH = 12 was lower than that at pH = 7.
The change of viscosity with pH is completely reversible. If HCl acid is added to the gelled polymer, its viscosity reduces to as low as its original value at pH value of 3 approximately. Thus this polymer can be used for temporary zonal isolation as no special chemical breaker is required to break down the gelled polymer. By increasing the shear rate, the viscosity of the polymer decreases which means that Carbopol polymers show shear thinning characteristics. Crosslink density also affects the apparent viscosity. A high crosslink density polymer, such as Carbopol EZ-4 has a lower swelling ratio than a low crosslink density polymer such as Carbopol 981. However, its apparent viscosity is higher due to its rigid molecular network structure. It is also found that the power law dependence of viscosity on the pH approaches exponent value (n) of around 11 for EZ-4 which shows the rheological shear thinning behavior of this polymer. We found that the exponent varies with the crosslinker density. In general, for the pH-sensitive hydrogel system, the pH of the immersion medium has direct control over the degree of the swelling of the network. For polymer containing ionic groups, swelling forces are enhanced as a result of localization of charges on the polymer chains.
Experimental Setup
The effect of pH and shear rate on the viscosity of different commercially available PAA polymers (Carbopol ® ) were extensively investigated. The effect of ionization and the onset of gelation of each polymer are also reported.
Materials
Five different crosslinked PAA polymers, sodium chloride (NaCl) and sodium hydroxide (NaOH) are the primary materials used in this study. The polymers' trade name is Carbopol ® manufactured by Noveon Corp. and provided in a powder form with a specific gravity of 1.41. All Carbopol ® polymers are high molecular weight PAA, crosslinked with mainly polyalkenyl polyether or divinyl glycol. Table 1 summarizes the characteristics of the polymers used in this work.
The powder (Carbopol ® polymers) is found to be acidic when it is mixed with water. The average particles size of the polymers is about 0.2 micron in diameter. In the production process, the polymers are flocculated to form agglomerates whose average diameter is 2 to 20 microns as determined by Noveon Corp. Different polymer solutions were prepared at a concentration of 3wt% in 5wt% NaCl brine. One mole sodium hydroxide (NaOH) was used as standard solution to increase pH of the prepared polymer solution.
Method
The experiments were carried out by means of Haake, Viscometer VT500 ( Figure 9 ). This device is used to determine the viscosity as a function of shear rate for different non-gaseous fluids. The viscometer consists of a cylinder in which an inner bob was rotated about the center of the cylinder. A water path supplies the surrounding of the cylinder with water to accomplish the required temperature. That water path is connected with the viscometer by plastic tube. 
Preparation of the polymer
A 200 ml solution of the Carbopol ® polymer is prepared one day before conducting the rheological properties measurements. This was done by mixing the polymer (in powder form) with brine (5wt % salinity) in a beaker using a magnetic stirrer. This is done by slowly adding the powder into the beaker with gentle mixing. After being introduced into the tank, the solution was kept agitated for one day at ambient temperature to provide good mixing and allow the polymer to hydrate completely in the solution.
It is worth mentioning that small amount (200 ml solution in each beaker) was always prepared in order to obtain good mixing for the suspended particles in the mixture. In this study, 3 wt% of Carbopol ® solution was used for all the measurements which was obtinaed by adding 6.0 g of Carbopol ® powder into 200 ml of 5 wt% brine. The pH is increased by adding small amount of 1.0 M NaOH.
Experimental procedure
Once the polymer was prepared, it was agitated with the magnetic stirrer for one day. After that, the initial pH was recorded using pH meter. The viscosity of the aqueous Carbopol ® microgel "solution" was measured using the Hake viscometer at different rotational speeds. The apparent viscosity can be read directly from the device at different shear rates. The temperature of the solution was kept constant with an external heating bath as mentioned earlier. The viscosity measurements were repeated at different shear rates (ranging from 5 -500 rpm) and pH (ranging from [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Around the gellation point, the pH is increased very slowly so the onset of gelleation can be detected precisely. In this study, viscosity measurements of five different Carbopol ® polymers (EZ-4, EZ-3, 981, 934 and 676) were performed at a concentration of 3wt% in 5wt% NaCl brine.
